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The low-lying electric dipole (E1) strength in the semi-magic nucleus 136Xe has been measured
which finalizes the systematic survey to investigate the so-called pygmy dipole resonance (PDR) in
all stable even N=82 isotones with the method of nuclear resonance fluorescence using real photons in
the entrance channel. In all cases, a fragmented resonance-like structure of E1 strength is observed
in the energy region 5 MeV to 8 MeV. An analysis of the fragmentation of the strength reveals
that the degree of fragmentation decreases towards the proton-deficient isotones while the total
integrated strength increases indicating a dependence of the total strength on the neutron-to-proton
ratio. The experimental results are compared to microscopic calculations within the quasi-particle
phonon model (QPM). The calculation includes complex configurations of up to three phonons and
is able to reproduce also the fragmentation of the E1 strength which allows to draw conclusions on
the damping of the PDR. Calculations and experimental data are in good agreement in the degree
of fragmentation and also in the integrated strength if the sensitivity limit of the experiments is
taken into account.
PACS numbers: 25.20.Dc,23.20.-g,21.60.-n,21.10.Re
I. INTRODUCTION
In strongly coupled many-body systems, collective
excitations are a common phenomenon expressing the
strong interaction between the single constituents. In
atomic nuclei, the classical example of collective excita-
tions are giant resonances. The theoretical description
of the damping of these collective modes within micro-
scopic models is very difficult because of their high ex-
citation energies and different mechanisms contributing
to the damping width. The so-called Pygmy Dipole Res-
onance (PDR), a concentration of electric dipole (E1)
strength below the well-known IsoVector Electric Giant
Dipole Resonance (IVGDR) [1], has attracted consider-
able interest during the last few years. In contrast to the
IVGDR, the PDR is an energetically low-lying mode lo-
cated often (partly) below the particle thresholds. There-
fore, coupling to complex configurations is the only mech-
anism for the resonance damping. In addition, the den-
sity of complex configurations in the energy region of the
PDR is not too high allowing one to account for nearly all
of them in a microscopic model. Therefore, the PDR is
a challenge for theory in nuclear physics because one can
expect a good description of the fragmentation of a col-
∗Electronic address: d.savran@gsi.de
lective mode without including any phenomenological pa-
rameters responsible for the resonance width. Also from
the experimental point of view the lower energy of the
PDR is advantageous since below the particle thresholds
the high resolution γ-ray spectroscopy in nuclear reso-
nance fluorescence (NRF) experiments using high-purity
Germanium detectors provides the necessary energy res-
olution in order to study the fragmentation of the reso-
nance. Thus, in the case of the PDR the comparison of
experimental data to the results of microscopic models
allows to determine whether the damping mechanism for
a collective mode in many-body systems is well under-
stood.
In the last decade, the PDR has been established as a
new type of E1 excitation both experimentally as well as
in theory. Many modern microscopic model calculations
show an enhancement of the E1 strength at low excitation
energies on top of the tail of the IVGDR, see e.g. [2, 3]
and references therein. In most models the PDR exhibits
the signature of an oscillation of excess neutrons against
a proton-neutron core and, thus, the strength increases
for more neutron-rich nuclei.
Experimental evidence for a structure of strong low-
lying E1 strength in addition to the high energetic
IVGDR has been found in many medium heavy to heavy
nuclei. After first indications found already three decades
ago [4–6] and following results with high-resolution and
improved sensitivity [7–11] an experimental survey using
the method of NRF has been performed in different mass
2regions in order to study the systematics of the PDR in
stable nuclei [12–19]. NRF experiments are an ideal tool
to investigate bound E1 strength [20]. Due to the low-
momentum transfer of real photons in the energy region
of the PDR nearly exclusively J = 1 states are populated
from the ground state in even-even nuclei. Thus NRF ex-
periments provide an excellent selectivity to the excita-
tions of interest. Using high-purity Germanium (HPGe)
detectors for the γ-ray spectroscopy of the emitted pho-
tons in the (γ, γ′) reaction an excellent energy resolution
of less than 10 keV can be achieved which allows the in-
vestigation of the fine structure and fragmentation of the
E1 strength as we present in this paper. In addition, due
to the well-known excitation mechanism the measured
observables can be directly linked to intrinsic properties
of the excited states in a model-independent way.
Currently NRF experiments using real photons are lim-
ited to stable nuclei. The E1 strength in unstable nu-
clei can be studied using the method of Coulomb excita-
tions in inverse kinematics [21], which allows to extend
the systematics to very neutron-rich systems. Results
for neutron-rich Sn and Sb isotopes [22, 23] and 68Ni
[24] show an enhancement of the strength located in the
PDR region compared to the less neutron-rich stable iso-
topes. This enhancement with the neutron-to-proton ra-
tio is an important evidence for the correlation of the
PDR strength to the neutron excess. Unfortunately the
energy resolution in these experiments does not allow the
investigation of the fine structure of the E1 strength and,
thus, such investigations will only be possible for stable
isotopes in the near future.
In this paper, we report on the results of a NRF ex-
periment on 136Xe which finalizes a systematic investi-
gation of the properties of the PDR in the stable N=82
isotones below the neutron separation energy. The re-
sults are compared in detail to calculations within the
quasi-particle phonon model (QPM) with a special focus
on the fragmentation of the strength. As mentioned in
the first paragraph the fragmentation itself provides an
important observable to compare to theory but it also
has consequences on integral quantities as the total in-
tegrated strength. First results of this comparison for
136Xe have recently been reported in a letter [16]. In this
paper we extend the investigation of the fragmentation to
all stable even N=82 isotones and present detailed infor-
mation on the experiment on 136Xe. In the next section
the experiment and the data analysis are described, while
Sec. III summarizes the experimental results. Details on
the QPM calculations are given in Sec. IV. In Section V,
a comparison of the experimental results and the QPM
calculations with respect to the fragmentation and sys-
tematics for investigated N=82 isotones is presented.
II. SETUP AND DATA ANALYSIS
The experiments were performed at the Darm-
stadt High Intensity Photon Setup (DHIPS) using
bremsstrahlung as photon source [25]. Bremsstrahlung
is produced by completely stopping the electron beam
of the injector module of the superconducting electron
linear accelerator S-DALINAC [26] in a copper radiator
where electron beam intensities of about 40 µA and up to
10 MeV are available [27]. The photon beam is collimated
to a size of about 2 cm diameter at the target position.
Three large-volume HPGe detectors, each equipped with
a BGO anti-Compton shield and surrounded with heavy
passive shielding, have been used for the spectroscopy of
the high-energy photons emitted in the (γ, γ′) reaction.
More details on the setup can be found in [25].
In the present study, two measurements have been per-
formed. The first one using bremsstrahlung with an end-
point energy (defined by the electron energy) of 9.2 MeV
to ensure a sufficient photon flux up to the neutron sepa-
ration energy of 136Xe (Sn = 8.06 MeV) and another one
at 8.0 MeV just below Sn to identify possible contribu-
tions from (n, γ) reactions of neutrons produced by the
photo-dissociation of 136Xe in the 9.2 MeV measurement.
The NRF target consisted of four high-pressure gas
containers made of Titanium and filled with Xenon en-
riched to 99.9 % in the isotope of interest. Similar targets
have been used in [28] for previous NRF experiments on
Xenon isotopes up to 4 MeV. In total, 2.925 g of 136Xe
was enclosed in the four containers. Further details on
the high-pressure gas targets can be found in [28–30]. For
the calibration of energy, photon flux and efficiency the
136Xe was sandwiched between two 11B targets with a to-
tal mass of 0.77 g. The combined target was smaller than
the photon beam diameter and, thus, homogeneously ir-
radiated.
An example of a measured γ-ray energy spectrum is
shown in the upper part of Fig. 1 for an endpoint energy
of 9.2 MeV. The spectrum has been obtained with one
detector at an angle of 130◦ with respect to the incom-
ing beam direction. Besides peaks stemming from the
11B(γ, γ′) reaction and a few background lines all peaks
correspond to transitions in 136Xe.
In NRF experiments, the measured area Ai of a peak
corresponding to the elastic scattering channel of an ex-
cited state (i.e. decay back to the ground state) after
photo-excitation from the ground state is related to the
energy-integrated cross section Ii,0 by
Ai ∝ Ii,0 ·Wi(θ, φ) ·Nγ(Ei) · ǫ(Eγ) (1)
with Wi(θ, φ) denoting the angular distribution of the
emitted photons, Nγ(Ei) the incident photon intensity
and ǫ(Eγ) the absolute photo-peak efficiency of the cor-
responding detector, respectively. The angular distribu-
tion function Wi(θ, φ) depends exclusively on the multi-
pole decomposition of the γ-ray transitions between the
involved states and can thus be used to determine the
multipolarities of the transitions and the spin quantum
numbers of the excited states.
For an absolute determination of the integrated cross
section Ii,0, the product of photon intensity Nγ(Ei) and
photo-peak efficiency ǫ(Eγ) has to be calibrated. For
30
5
10
15
20
in
te
ns
ity
4000 5000 6000 7000 8000 9000
E [keV]
Sn
c)
*
*
*
*
*
*
103
104
105
106
107
N
(E
)
(E
) 11B( , ’)
GEANT4
b)1
10
102
103
co
u
n
ts
130
a)
FIG. 1: a) Measured NRF spectrum for one detector at 130◦
with respect to the incoming photon beam at an endpoint en-
ergy of 9.2 MeV. b) Determined product of photon flux Nγ(E)
and photopeak efficiency ǫ(E). The simulated shape has been
normalized using the well-known transition in the 11B(γ, γ′)
reaction. c) Measured spectrum normalized to Nγ(E) · ǫ(E).
Peak areas in this intensity spectrum are directly proportional
to integrated cross sections. Peaks corresponding to transi-
tions in the normalization standard 11B are marked with an
asterisk (*).
transitions back to the ground state (i.e. Ei = Eγ),
this product can be directly determined for the ener-
gies of the excited states of 11B since their NRF cross
sections are known with good accuracy [31]. In order
to interpolate between these energies, simulations of the
bremsstrahlung spectrum and of the photopeak efficiency
are performed using GEANT4 [32, 33]. It has been
shown, that GEANT4 reproduces the energy dependence
of our bremsstrahlung beam for the present energy re-
gion with good accuracy [25]. Finally, the product of the
simulated photon spectrum and efficiency is fitted to the
experimental values at the 11B energies in order to yield
an absolute calibration for the entire energy region. The
middle part of Fig. 1 shows the result of this procedure.
Since photon intensity and detection efficiency are de-
creasing strongly for higher photon energies the decrease
in measured spectrum towards the neutron separation
energy might be due to this reason. In order to correct
for this effect, the measured spectrum is divided by the
determined energy dependence of Nγ(Ei) · ǫ(Ei). The re-
sulting intensity spectrum is shown in the bottom part of
Fig. 1. Clearly, the spectrum is dominated by the strong
transitions in the energy region of about 5.5 to 7.5 MeV.
As mentioned above the spin of the excited states can
be determined by measuring the angular distribution of
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FIG. 2: Measured angular distributions for all observed tran-
sitions in 136Xe in the energy region 4 MeV to 8 MeV. Except
for few weak states J = 1 can be assigned in all cases.
the emitted photons. Figure 2 shows the ratios
W =
Ai(90
◦)
Ai(130◦)
·
ǫ130◦(Ei)
ǫ90◦(Ei)
(2)
of the measured peak areas Ai(90
◦) and Ai(130
◦) above
3.5 MeV (corrected for the individual efficiencies) of the
detectors at 90◦ and 130◦, respectively. The expecta-
tion values for transitions back to the ground state, i.e.
the spin sequences 0+1 → 1 → 0
+
1 and 0
+
1 → 2 → 0
+
1 ,
are indicated by horizontal lines. Except for a few very
weak transitions dipole character and thus J = 1 for the
excited states can be assigned unambiguously.
No information on the parities of the excited states
could be obtained from the present data. However, in-
vestigations in the neighboring nuclei 138Ba [17, 34] and
140Ce [35] have shown that the by far dominant part of
the dipole strength has E1 character. Thus the assump-
tion of E1 character in the case of 136Xe seems to be very
likely and only a small M1 contribution can be expected.
An advantage of the NRF method is the fact that tran-
sition widths can be extracted from measured cross sec-
tions in a model-independent way [20]. The connection
to the integrated cross section Ii,0 is given by
Ii,0 = π
2
(
~c
Ei
)2
· g ·
Γ20
Γ
(3)
with Γ0 and Γ being the ground state and to-
tal decay width, respectively. The spin factor
g = (2Ji + 1)/(2J0 + 1) is given by the spin of ground-
state and the excited state the latter being determined
by the measured value of W (compare Eq. 2). Equation
(3) enables to determine the absolute ground-state decay-
width Γ0 from the measured integrated cross section if
the branching ratio Γ0/Γ is known. In the present study,
no transitions corresponding to inelastic decay channels
of the identified J = 1 states could be observed. Thus,
Γ0/Γ = 1 is assumed in all cases. Since many weak (and
thus unobserved) branchings might add up one should
keep in mind that Γ0/Γ might be somewhat smaller and
the extracted values for Γ0 represent a lower limit. How-
ever, in [17] it has been shown for 138Ba that the averaged
4contribution of inelastic decays to the photo absorption
cross section is small for excitation energies below 7 MeV
and becomes significant only at higher energies. There-
fore, Γ0/Γ seems to be close to unity and the above made
assumption is reasonable.
Using the determined ground state decay widths the
B(E1) ↑ transition strength can be calculated for each
individual state:
B(E1) ↑
e2fm2
= 9.554 · 10−4 · g ·
Γ0
meV
·
(
MeV
Ei
)3
. (4)
In the following chapter the results of the experiment on
136Xe are presented and compared to the other N=82
isotones.
III. EXPERIMENTAL RESULTS
Using the method described in the previous section
the integrated cross section as well as the spin of 76
newly observed states up to the neutron separation en-
ergy are determined from the measured NRF spectra for
136Xe. Only in a few cases the angular distribution is
also consistent with a J = 2 assignment in all other cases
J = 1 can be clearly assigned (compare Fig. 2). Assum-
ing Γ0/Γ = 1 (see discussion in the previous section) we
obtain the corresponding ground-state decay-widths Γ0
that are propotional to the excitation strengths B(E1)↑
in case of negative parity for the excited J = 1 states.
The results are summarized in Tab. I. No systematic
deviations have been observed for the obtained cross sec-
tions between the measurements at the two different end-
point energies and, thus, the results for the single exper-
iments have been combined.
In a previous NRF experiment [28] on 136Xe with a
bremsstrahlung endpoint energy of 4 MeV only two states
have been observed at 2869 keV and 3626 keV with B(E1)
values of 0.169(23) ·10−3 e2fm2 and 1.52(12) ·10−3 e2fm2,
respectively. While the lower lying state is below the sen-
sitivity limit of the present experiment the higher lying
one is observed and a B(E1) strength of 1.7(3) · 10−3
e2fm2 has been determined. The good agreement of the
two values excludes a strong feeding component in the
present study even though the endpoint energy of the
bremsstrahlung is above the neutron threshold.
Unlike in the other N=82 isotones no clear and iso-
lated candidate for the [2+ ⊗ 3−]1− two-phonon state is
observed in 136Xe. Following the systematics of the two-
phonon states in the other N=82 isotones [36] such a
state would be expected around 4.2 MeV with a strength
in the order of B(E1) ≈ 10 · 10−3 e2fm2. Around 4.5
MeV and slightly higher energies a few states are ob-
served in 136Xe that however have smaller individual
B(E1) strengths than expected for the two-phonon state.
Thus, the [2+ ⊗ 3−]1− strength is either fragmented into
several states that share the two-phonon E1 strength or
its strength is further reduced.
TABLE I: Results of the experiment on 136Xe. Given are de-
duced energy, angular distribution, spin, partial decay width
and B(E1) ↑ strength of the observed states. For the latter
π = −1 and Γ0/Γ = 1 was used, since no branching transi-
tions were observed.
Ex W J
pi Γ2
0
/Γ B(E1) ↑
(keV) (~) (eV) (10−3 e2fm2)
3626(1)a 1.20(45) 1,2 0.027(6) 1.7(3)a
3738(1) 0.93(13) 1 0.057(5) 3.1(3)
4473(1) 0.95(9) 1 0.120(8) 3.9(3)
4711(1) 0.76(5) 1 0.217(13) 6.0(4)
4890(1) 0.81(7) 1 0.175(11) 4.3(3)
4929(1) 0.77(4) 1 0.341(19) 8.1(5)
5128(1) 0.75(6) 1 0.199(13) 4.2(3)
5187(1) 0.71(10) 1 0.088(8) 1.8(2)
5322(1) 0.76(1) 1 1.66(9) 31.6(16)
5352(1) 0.74(17) 1 0.072(9) 1.3(2)
5458(1) 1.44(44) 1,2 0.122(17) 2.2(3)
5608(1) 0.72(4) 1 0.491(29) 8.0(5)
5639(1) 0.75(9) 1 0.210(17) 3.4(3)
5651(1) 0.72(5) 1 0.441(26) 7.0(4)
5728(1) 0.74(5) 1 0.382(24) 5.8(4)
5801(1) 0.77(3) 1 2.02(11) 29.7(16)
5872(1) 0.77(2) 1 2.05(11) 29.1(15)
5888(1) 0.78(2) 1 2.59(13) 36.3(19)
5914(1) 0.80(2) 1 1.36(7) 18.9(10)
6003(1) 1.19(33) 1,2 0.126(18) 1.7(2)
6030(1) 1.71(78) 1,2 0.088(16) 1.1(2)
6105(1) 0.97(28) 1 0.159(26) 2.0(3)
6115(1) 0.82(6) 1 0.661(48) 8.3(6)
6127(1) 0.88(5) 1 1.10(7) 13.7(9)
6227(1) 0.97(35) 1 0.304(50) 3.6(6)
6254(1) 0.63(16) 1 0.236(32) 2.8(4)
6301(1) 0.80(3) 1 1.99(11) 22.8(12)
6310(1) 0.89(8) 1 0.629(42) 7.2(5)
6324(1) 0.75(13) 1 0.214(22) 2.4(2)
6354(1) 0.78(5) 1 0.796(47) 8.9(5)
6372(1) 0.82(43) 1 0.108(30) 1.2(3)
6430(1) 0.80(6) 1 0.643(40) 6.9(4)
6455(1) 0.74(3) 1 1.38(8) 14.7(8)
6493(1) 0.73(2) 1 2.62(14) 27.5(14)
6509(1) 0.74(7) 1 0.489(34) 5.1(4)
6527(1) 0.82(10) 1 0.410(32) 4.2(3)
6562(1) 0.73(2) 1 2.43(13) 24.6(13)
6577(1) 0.70(5) 1 0.703(43) 7.1(4)
6665(1) 0.77(3) 1 1.81(10) 17.5(10)
6684(1) 0.70(12) 1 0.482(47) 4.6(4)
6691(1) 0.81(6) 1 1.19(8) 11.4(7)
6704(1) 0.75(4) 1 1.32(8) 12.5(7)
6715(1) 0.85(6) 1 1.17(7) 11.0(7)
6734(1) 0.80(7) 1 0.673(44) 6.3(4)
6771(1) 0.83(2) 1 3.46(18) 31.9(17)
6797(1) 0.81(9) 1 0.542(40) 4.9(4)
6808(1) 0.77(23) 1 0.190(28) 1.7(3)
6861(1) 0.70(11) 1 0.407(38) 3.6(3)
6869(1) 0.79(9) 1 0.621(48) 5.5(4)
6884(1) 0.71(10) 1 0.342(29) 3.0(3)
6942(1) 0.68(6) 1 0.668(45) 5.7(4)
6968(1) 0.47(6) 1 0.338(30) 2.9(3)
7013(1) 0.79(06) 1 1.01(6) 8.4(5)
7023(1) 0.64(06) 1 0.683(47) 5.6(4)
7053(1) 0.74(10) 1 0.398(33) 3.3(3)
7071(1) 0.99(11) 1 0.670(49) 5.4(4)
7082(1) 0.86(05) 1 1.44(8) 11.6(7)
7094(1) 0.90(25) 1 0.283(44) 2.3(4)
7121(1) 0.79(11) 1 0.394(34) 3.1(3)
7134(1) 0.84(26) 1 0.247(42) 1.9(3)
7165(1) 0.77(2) 1 3.43(18) 26.7(14)
7193(1) 1.01(19) 1 0.74(8) 5.7(6)
7200(1) 0.73(11) 1 0.84(8) 6.5(6)
7212(1) 1.15(22) 1 0.91(9) 6.9(7)
7232(1) 0.81(6) 1 1.00(7) 7.6(5)
7245(1) 0.79(12) 1 0.361(38) 2.7(3)
7343(1) 0.69(13) 1 0.292(31) 2.1(2)
7370(1) 0.83(14) 1 0.357(35) 2.6(3)
7692(1) 0.59(6) 1 0.78(6) 4.9(4)
7727(1) 0.80(6) 1 1.69(11) 10.5(7)
7883(1) 0.93(17) 1 0.80(9) 4.7(5)
7908(1) 0.83(8) 1 1.65(14) 9.6(8)
7990(1) 0.98(20) 1 0.75(9) 4.2(5)
8024(1) 0.76(8) 1 1.40(12) 7.8(7)
8051(1) 0.93(13) 1 1.11(11) 6.1(6)
8066(1) 0.75(12) 1 0.86(9) 4.7(5)
8093(1) 0.77(10) 1 1.02(10) 5.5(5)
aalso observed in [28] with B(E1) = 1.52(12) · 10−3 e2fm2
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FIG. 3: (Color online) Measured E1 strength distribution in
136Xe up to the neutron separation energy. The dotted line
indicates the sensitivity limit of the experiment.
The measured B(E1) strength distribution for 136Xe up
to Sn is shown in the upper part of Fig. 3. The sensitivity
limit of the experiment is indicated by the dotted line and
has been calculated based on the continuous background
present in the spectra and following the formalism given
in [37] using a confidence limit of 3σ. Due to this finite
sensitivity excitations with smaller B(E1) ↑ values thus
will remain unobserved.
Similar as in the other stable N=82 isotones also in
136Xe a concentration of strong E1 excitations in the en-
ergy region of 5 MeV to 7 MeV is observed. The left
part of Fig. 4 shows the measured B(E1) strength distri-
butions for all N=82 isotones. The distribution of 136Xe
fits into the systematics with an increasing strength and
also increasing excitation energy compared to the heav-
ier isotones. A more detailed comparison of the B(E1)
strength distribution in terms of total strength and also
fragmentation is presented in Sec. V.
The facts that the experimental sensitivity is always
limited and, in addition, branching transitions are diffi-
cult to observe consequently lead to an incomplete de-
termination of the total E1 strength using the presented
experimental technique. Recently, attempts have been
made to extract also the strength in the continuum part
of the experimental spectra and in parallel to account for
the inelastic decay branchings in order to estimate the
total photo absorption cross section [18, 19, 38]. How-
ever, in this approach one loses the model independence
of the NRF method and also highly relies on very ac-
curate simulations of background and detector response
functions. Therefore, we do not follow this approach here
especially since the contribution of unresolved strength in
the case of the semi-magic 136Xe isotope can be expected
to be lower and the inelastic contribution has been shown
to be rather small in the neighboring nucleus 138Ba [17]
in the energy region of interest. Even though the total
strength extracted will then represent a lower limit, the
result remains model independent which is one of the
great advantages of real photon scattering experiments
and still allow for a solid and unambiguous comparison
to theory as it is done below.
In a comparison to model calculations this limited
knowledge about the total excitation strength needs to
be accounted for. This can be done by comparing only
the part of the strength produced in a model calculation
which is above the experimental sensitivity and, thus,
can be expected to be observed in the experiment. Of
course, to allow such a kind of comparison the fragmen-
tation of the E1 strength has to be reproduced correctly
in the model in order to account for the experimental
sensitivity. The QPM calculations presented in the next
section fulfill this requirement as we will show in Sec. V.
IV. QPM CALCULATIONS
Excited states of even-even nuclei are treated in the
quasi-particle phonon model (QPM) [39] in terms of
phonons with spin and parity λpi ; the ground state is
considered as a phonon vacuum. The phonons are made
up of quasi-particle pairs. Their spectra and internal
fermion structure is obtained by solving the QRPA equa-
tions for each multipolarity. The QRPA involves 0p4h,
2p2h, and 4p0h terms of the residual two-body interac-
tion. This interaction in the QPM has a simple separable
form. The remaining 1p3h and 3p1h terms of the resid-
ual interaction are responsible for the mixing between
one- and two-, two- and three-, etc. phonon configura-
tions. Accordingly, the wave function of excited states
in the QPM is written as a composition of one-, two-,
etc phonon configurations. The energies of excited states
and components of their wave functions are found from
a diagonalization of the model Hamiltonian on the set of
these wave functions.
Although the QPM wave functions have a complex
form their one-phonon components play a decisive role
in the excitation process of these states from the ground
state by an external field (e.g., electromagnetic) de-
scribed by a one-body operator. Two-phonon compo-
nents are also excited from the QRPA ground state. An
example is the first 1− state in spherical nuclei which
has almost pure [2+1 ⊗ 3
−
1 ]1− nature. But in general,
their transition matrix elements are much smaller com-
pared to the ones of one-phonon components. Thus, com-
plex (two-, three-phonon) configurations participate in
the creation of the fragmentation pattern of the excita-
tion strength but add very little to the total strength.
The formation of the fragmentation pattern is demon-
strated in Fig. 5 in which the distribution of the E1
strength of the PDR in 136Xe is presented. Figure 5a
presents the results obtained in the one-phonon approxi-
mation. One notices that the E1 strength in this energy
region originates from four one-phonon states. Calcula-
tions performed with the wave function containing one-
and two-phonon configurations are shown in Fig. 5b. The
B(E1) value for each individual 1− state drops dramati-
cally as compared to the results in Fig. 5a. This is due
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FIG. 4: Measured (left side) and calculated (right side) B(E1) strength distributions in the stable even N=82 isotones. The
experimental sensitivity limits of all experiments are similar to the one shown for 136Xe in Fig. 3. Data taken partly from [15].
to the fact that the number of two-phonon configurations
in this energy interval is much larger. Interaction be-
tween one- and two-phonon configurations leads to their
mixing and the contribution of the one-phonon configu-
rations (which carry E1 strength) to the wave function
norm does not exceed a few percents for each state. Note
also the appearance of the two-phonon 1− state discussed
above at around 4.5 MeV in this step. The fragmentation
progresses further when three-phonon configurations are
added (Fig. 5c). Many states with rather small B(E1)
values appear especially at higher energies with rapid in-
crease of the density of three-phonon configurations.
The QPM calculations of the fine structure of the PDR
in the N=82 isotones in this paper extend previous cal-
culations in 138Ba [40] and 140Ce [8] which together with
Ref. [9] were the first theoretical studies on the topic.
Compared to the old calculations we have enlarged the
basis of complex configurations: two- and three-phonon
configurations have been built up from phonons with the
multipolarity from 1± up to 9± with the excitation en-
ergy below 8.5 MeV. Since the density of four-phonon
configurations (not included in the wave function) is still
very low at these energies, our basis is almost complete.
The number of complex configurations fluctuates slightly
from nucleus to nucleus. On average, our basis contains
about 350 two-phonon and 900 three-phonon configura-
tions. To account for admixture of the GDR in the low-
energy region, all 1− one-phonon configurations below
20 MeV have been included in the wave function of ex-
cited states.
The calculations in all N=82 isotones have been per-
formed with the same mean field which has been de-
scribed by the Woods-Saxon potential with parameters
taken from a global parametrization [41] and the same
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FIG. 5: The QPM calculations of the B(E1) strength dis-
tribution in 136Xe performed a) in one-phonon approxima-
tion and with the wave function containing b) one- and two-
and c) one-, two-, and three-phonon configurations. The
summed strength is hardly influenced while the fragmenta-
tion increases rapidly.
monopole pairing strength. Single-particle energies of the
mean field near the Fermi surface have been corrected to
reproduce the experimentally known single-particle lev-
els in neighboring odd-mass nuclei in the calculations
with the wave function containing “[quasiparticle ⊗ N
phonon]” (N = 0, 1, 2, 3) components. The strength pa-
rameters of the residual interaction have been adjusted
in each particular nucleus in accordance with a standard
QPM procedure (see, e.g., [42]).
Figure 6 shows calculated transition densities sepa-
rately for protons an neutron for the PDR region in
136Xe. Very similar transition densities are obtained for
the other N=82 isotones and are thus not shown here.
V. COMPARISON
A comparison between the experimentally determined
B(E1) strength distributions and the results of the QPM
calculations for all stable even N=82 isotones is shown
in Fig. 4. Besides a shift of about 500 keV there is in
general a good agreement between experiment and QPM
in the absolute scale of the strongest excitations and the
shape of the distributions. In all cases a resonance-like
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FIG. 6: (Color online) Calculated transition densities for pro-
tons (red) and neutrons (blue) in the PDR region for 136Xe.
structure is observed in experiment as well as in the calcu-
lation which increases in energy and strength from 144Sm
to 136Xe.
In order to compare the fragmentation of the E1
strength produced within the QPM with the experimen-
tal result the B(E1) strength distribution is shown in
Fig. 7 as a function of the strength of the individual
states. To produce Fig. 7, for each nucleus the states
have been grouped according to their B(E1) strengths in
bins of 1 · 10−3 e2fm2 and the summed
∑
B(E1) strength
is calculated for each bin. Figure 7 thus shows how the
strength is distributed (fragmented) over the individual
states. In this way, the limited experimental sensitivity is
expressed by the fact that no or only little strength is ob-
served for the group of states with very small (≤ 2 · 10−3
e2fm2) strength. For these bins, the experiment clearly
misses strength. However, for stronger states the experi-
mental results can be expected to be complete and thus,
this part needs to be compared to the QPM calculation.
For the region above about 3 · 10−3 e2fm2 experiment
and calculation show indeed very similar distributions.
The QPM therefore nicely reproduces the experimental
distribution, i.e. the fragmentation is described correctly
within the model. This confirms that the damping mech-
anism of the PDR is the coupling of a collective mode
with complex configurations. For the weaker excitations
the QPM predicts much more strength than is observed
experimentally which clearly is a sign of the limited ex-
perimental sensitivity. However, since the QPM repro-
duces the experimental results for stronger states, the
amount of strength located in states with small B(E1)
values in the QPM can be expected to be a good esti-
mate for the missing experimental strength.
Both, experiment and QPM, show a decreasing amount
of excitations with large B(E1) strength with increasing
proton number. While in 136Xe several states with B(E1)
values well above 20 · 10−3 e2fm2 exist, there is only one
in 142Nd or 144Sm. In general the strength is distributed
among more and more states with small E1 excitations
strengths for increasing proton number, i.e. the fragmen-
tation increases. This is related to the fact that the en-
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FIG. 7: (Color online) Analysis of the fragmentation in the
experimentally observed distribution and within the QPM
model for the N=82 isotones. For details see text.
ergy of the 3−1 state systematically decreases from
136Xe
to 144Sm while the 2+1 state has almost the same energy in
all isotones. In other words, collectivity of the 3−1 state
increases from light to heavy isotones making coupling
matrix elements between one-phonon 1− configurations
and many complex configurations stronger.
The integrated E1 strength up to 8.06 MeV (the neu-
tron separation energy of 136Xe) for the five investi-
gated N=82 isotones is shown in Fig. 8 as a function
of the neutron-to-proton ratio N/Z and summarized in
Tab. II. The experimental values show a rather strong
dependence on N/Z with values of 0.220(37) e2fm2 for
144Sm and 0.662(45) e2fm2 for 136Xe, respectively. This
enhancement for larger N/Z is only partly observed in
the results of the QPM calculation which also shows an
increasing total strength but the dependency is much
weaker. Also, for the more proton-rich nuclei much more
strength is predicted by the QPM than observed experi-
mentally.
Since the fragmentation of the strength is well repro-
duced by the QPM it is now possible to study the ef-
fect of the limited experimental sensitivity on this inte-
gral quantity. For the values given by the open squares
(QPML) only the states above the experimental sensi-
tivity limit of the corresponding experiments have been
included in the total sum. The agreement between exper-
iment and calculation is clearly improved by accounting
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FIG. 8: (Color online) Integrated E1 strength for all stable
even N=82 isotones up to an excitation energy of 8.02 MeV
(Sn of
136Xe) as a function of neutron-to-proton ratio N/Z.
For the QPM calculations two values are given, one including
all states (QPM) and one including states above the corre-
sponding experimental sensitivity limits only (QPML).
for the experimental sensitivity. Since the fragmentation
increases for higher proton numbers (and thus smaller
N/Z) the influence of the sensitivity limit becomes also
more important in these nuclei. The experimentally ob-
served strong enhancement of the total B(E1) strength
for larger N/Z ratio, thus, seems to be partly due to the
higher fragmentation of the PDR in the more proton-rich
nuclei and the consequently larger amount of experimen-
tally unobserved strength. However, only part of the
enhancement is due to this effect and also the full QPM
calculation shows an enhancement of the total strength
with increasing neutron-to-proton ratio. This compar-
ison implies that the consideration of the experimental
sensitivity limits plays an important role in the system-
atics of integral quantities.
VI. CONCLUSIONS
We have measured the E1 strength distribution up to
the neutron threshold in the semi-magic nucleus 136Xe
using the NRF method completing a systematic survey
on the stable even N=82 isotones to investigate the PDR.
Similar as in the other N=82 isotones, the E1 strength
shows a resonance-like concentration well below the neu-
tron separation energy which shows a strong fragmenta-
tion. A detailed comparison of the experimental results
to calculations within the QPM has been performed for
the investigated N=82 isotones. The good agreement of
the calculations in the fragmentation of the E1 strength
confirms that the coupling of a collective mode to com-
plex configurations used in the model is an accurate de-
scription of the damping of the PDR. Concerning the
integrated strength, the influence of the limited experi-
mental sensitivity has been investigated by applying the
same limit to the QPM results. The agreement of calcu-
lation and experiment is improved by considering the ex-
9TABLE II: Summary of results on the systematics in the stable even N=82 isotones. Energy values of the 2+1 and 3
−
1 states
are taken from [43].
Isotope N/Z E(2+1 ) E(3
−
1 ) E(1
−
1 )
∑
B(E1) ↑ a
(MeV) (MeV) (MeV) (e2fm2)
Exp. QPM QPML
136Xe 1.518 1.313 3.275 (3.738)b 0.655(44) 0.802 0.655
138Ba 1.464 1.436 2.881 4.026 0.68(11) 0.732 0.469
140Ce 1.413 1.596 2.464 3.644 0.314(60) 0.669 0.478
142Nd 1.366 1.576 2.084 3.424 0.197(33) 0.655 0.449
144Sm 1.322 1.660 1.810 3.424 0.219(37) 0.621 0.329
aup to an excitation energy of E= 8.06 MeV (Sn of 136Xe).
bUnknown parity.
perimental sensitivity limit. This reveals that part of the
experimentally observed enhancement of the integrated
strength for larger neutron-to-proton ratio is due to the
different influences of the experimental sensitivity limit
due to a different amount of fragmentation along this
chain of isotones. But even with this effect taken into ac-
count the enhancement of the strength within the PDR
region with larger N/Z ratio remains which fits into the
picture of an oscillation of a neutron skin as the origin of
the low-lying E1 strength.
In this paper, we have presented that the fragmenta-
tion of the PDR observed in high-resolution photon scat-
tering experiments on the one hand provides in itself an
observable to compare to theoretical model predictions to
study the damping mechanism of this mode and on the
other hand has an important impact on the experimen-
tal determination of integral quantities such as the total
integrated strength. However, for a further investigation
of the structure of the PDR, complementary experiments
to photon scattering are mandatory. Recent experiments
using the method of (α, α′γ) [44] on Z=50 and N=82 nu-
clei have revealed a splitting of the low-energy part of
the E1 strength into two groups with different underly-
ing structure [3, 37, 45]. These unexpected results show
that especially experiments using complementary probes
will provide additional observables to further constrain
microscopic model calculations.
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